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ABSTRACT 


The  effects  of  the  environment  and  dwell  periods  on 
fatigue  crack  growth  rates  at  525°C  for  both  annealed  and 
normalized  and  tempered  2  1/4  Cr  -  1  Mo  steel  in  High 
Strain  Fatigue  (HSF)  and  Linear  Elastic  Fracture  Mechanics 
(LEFM)  regimes  in  air  and  in  vacuum  have  been  examined 
using  optical  and  scanning  electron  microscopy  techniques. 
Fatigue  crack  propagation  rates  were  determined  and  were 
found  to  vary  with  the  environment  and  the  loading  waveform 
used  in  the  tests.  At  small  crack  depths  in  HSF,  oxidation 
in  air  increased  cyclic  crack  growth  rates  by  over  an  order 
of  magnitude  compared  with  vacuum.  For  continuous  cycling 
tests  at  a  frequency  of  0.01  Hz,  and  tests  with  a  peak 
tension,  compression,  or  tension  plus  compression  dwell 
cycling,  the  rates  were  similar.  The  fastest  crack  growth 
in  air  occurred  during  cycles  having  both  tension  and 
compression  dwell  periods.  Fractographs  were  analyzed  in 
attempts  to  understand  the  reasons  for  the  different  propa¬ 
gation  rates.  Evidence  suggesting  partial  rewelding  of  the 
crack  surfaces  during  compressive  dwell  periods  in  vacuum 
and  a  change  in  fracture  mode  from  transgranular  to  a 
branching  "intergranular-like"  fracture  when  the  environment 
was  changed  from  air  to  vacuum  were  observed. 
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I .  INTRODUCTION 


2  1/4  Cr  -  1  Mo  alloy  steel  has  been  used  extensively 

as  a  structural  material  in  elevated  temperature  applica¬ 
tions  by  the  power  generation  industry.  Recently,  it  has 
been  chosen  as  the  steam  generator  material  for  the  Clinch 
River  Liquid  Metal  Fast  Breeder  Reactor  (CRLMFBR) .  In 
Naval  applications,  2  1/4  Cr  -  1  Mo  is  used  in  1200  psi 
boiler  systems,  tubing,  fittings,  steam  lines,  and  valves. 

The  excellent  heat  transfer  characteristics  of  advanced  heat 
exchanger  systems  (liquid  sodium  cooled  in  the  CRLMFBR 
system)  can  introduce  thermal  transients;  when  these  combine 
with  flow  induced  vibration,  and  equipment  service  and  repair 
time,  large  cyclic  strain  ranges  result  as  a  consequence. 
Therefore,  the  elevated  temperature  fatigue  behavior  that 
involves  long  constant  strain  dwell  periods  in  the  loading 
wave  forms  of  this  material  must  be  defined. 

Over  the  past  several  years,  a  large  research  program 
has  been  conducted  to  analyze  this  material's  behavior  in 
order  to  develop  viable  design  criteria  for  long  term  high 
temperature  service.  However,  uncertainties  still  exist 
particularily  regarding  long  term  prediction  of  material 
behavior  out  to  projected  component  lifetimes  of  30  to 
40  years.  In  all  this  work,  mechanical  testing  has  been 
accelerated  so  that  these  predictions  can  be  made  using 


data  from  tests  of  much  shorter  duration.  The  extrapola¬ 
tion  used  in  this  process,  therefore,  incorporates  rather 
severe  assumptions  concerning  the  long  term  metallurgical 
stability  of  these  alloys  and  the  mechanisms  of  deformation 
and  fracture.  It  has  been  recognized  that  the  environment 
plays  an  important  and  perhaps  dominant  role  in  governing 
the  elevated  temperature  fatigue  behavior  of  this  and  other 
materials.  This  role,  however,  has  not  been  investigated 
thoroughly  in  relation  to  the  various  loading  conditions  in 
different  environments  that  could  be  experienced.  The 
current  ASME  (American  Society  of  Mechanical  Engineers) 
Boiler  and  Pressure  Vessel  Code  approach  to  elevated  tem¬ 
perature  fatigue  assumes  that  the  lower  endurances  noted  in 
tests  were  dwell  introduced  in  the  fatigue  cycle  results 
from  creep  damage,  not  environmental  damage  (oxidation) . 
Hence  their  methods  to  extrapolate  laboratory  data  to  long 
term  service  conditions  use  a  creep  model  as  their  basis. 

If  environment-related  damage  is  the  dominant  damage 
mechanism,  then  the  extrapolation  methods  are  in  error, 
and  environmental  effects  should  be  incorporated  into  the 
design  criteria. 

It  is  the  intent  of  this  thesis  to  investigate  the 
environmental  effects  on  the  elevated  temperature  fatigue 
behavior  of  annealed  and  normalized  and  tempered 
2  1/4  Cr  -  1  Mo  steel  in  High  Strain  Fatigue  (HSF)  and 
Linear  Elastic  Fracture  Mechanics  (LEFM)  regimes,  and  in 


particular  to  determine  the  effects  of  different  loading 
waveforms  in  air  and  in  vacuum.  Fatigue  tests  specimens 
were  examined  using  metal lographic  and  fractographic  tech¬ 
niques  with  optical  and  scanning  electron  microscopy  to 
evaluate  the  mode  of  fracture.  Fatigue  crack  growth  rates 
were  plotted  as  a  function  of  peak  crack  depth  for  differ¬ 
ent  plastic  strain  ranges  and  frequencies  to  determine 
crack  growth  equations . 
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II.  BACKGROUND  INFORMATION 


In  the  past,  exhaustive  studies  have  been  completed 
on  the  mechanisms  of  fatigue  crack  growth  in  high  tempera¬ 
ture  structural  materials,  however,  these  studies  usually 
concerned  themselves  with  the  microstructural  aspects  of 
fatigue  in  metals,  or  creep-fatigue  interaction  [Ref.  1,2]. 
Relatively  little  work  has  been  devoted  to  explain  the 
environmental  mechanisms  and  their  effects  on  elevated 
temperature  fatigue  crack  growth.  Recently  there  have  been 
developments  of  plausible  mechanisms  for  this  elevated 
temperature  fatigue  damage  phenomenon,  and  the  research 
reported  here  outlines  previous  investigations  in  this 
area. 

Early  work  concerning  the  influence  of  the  environment 
on  elevated  temperature  fatigue  crack  propagation  of  metals 
investigated  many  aspects  [Ref.  3],  however,  most  work  fell 
into  two  categories:  high  frequency  fatigue  and  low  fre¬ 
quency  fatigue.  In  high  frequency  fatigue  tests,  stress 
was  usually  controlled  over  a  small  cyclic  strain  range; 
low  frequency  fatigue  was  usually  strain  controlled.  In 
various  high  frequency  fatigue  tests,  the  endurances  in  air 
and  vacuum  or  "inert"  environments  produced  interesting 
results.  In  high  frequency  reversed  bend  tests  on  lead 
performed  by  Snowden  [Ref.  4]  there  were  two  orders  of 
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magnitude  difference  in  fatigue  life  between  vacuum,  air, 
and  pure  oxygen.  At  all  strain  levels,  endurances  in  a 
vacuum  environment  exceeded  tho&e  in  air.  This  behavior 
was  observed  by  Naghitgull  [Ref.  5J  in  the  Co-base  alloys 
S-816  and  the  Ni-base  alloy  Inconel  550,  although  the 
effect  was  smaller.  Endurances  for  the  Ni-base  alloy 
converged  at  low  stresses  indicating  the  possible  strength¬ 
ening  effect  of  air.  Similar  convergence  of  air  and  vacuum 
data  was  noted  for  AISI  316  steel  at  837°C  and  a  crossover 
occurred  for  nickel,  where  it  was  suggested  that  the  oxide 
in  cracks  could  prolong  life  in  air  at  low  stresses.  A 
crossover  was  also  noted  in  a  ferritic  stainless  steel. 
Metallographic  observations  by  Coffin  [Ref.  6]  on  fatigue 
tested  austenitic  steel  at  500 °C,  showed  that  oxidation 
formed  preferentially  on  grain  boundaries,  and  that  the  width 
of  the  heavily  oxidized  zone  increased  as  strain  range  was 
reduced.  This  suggested  that  cyclic  strain  caused  cracking 
of  the  oxide  along  grain  boundaries,  and  thus  accelerating 
subsequent  oxidation. 

In  tests  involving  low  frequency  fatigue,  the  high 
strain  amplitudes  incorporated  with  hold  times  produced 
different  effects  than  those  noted  at  high  frequency.  White 
[Ref.  7]  conducted  low  frequency  (1  cycle/m)  reverse  bend 
tests  on  a  low  alloy  steel  at  500°C  and  found  that  fatigue 
endurances  differed  with  the  environment  and  the  loading 
form.  Endurances  in  an  argon  environment  were  twice  those 


in  air.  Also,  introduction  of  a  30  minute  hold  time  at 
zero  stress  in  air  did  not  affect  endurance,  but  hold  times 
of  30-300  minutes  in  tension  progrsesively  reduced  it.  The 
contribution  of  creep  damage  and  oxidation  under  stress  was 
assessed  by  testing  a  1/2%  Mo  steel  in  vacuum  and  in  air  at 
500°C.  A  30  minute  tension  hold  reduced  the  fatigue 
endurance  relative  to  the  continuously  cycled  specimens  in 
vacuum  indicating  a  creep  component  of  damage.  However, 
specimens  cycled  in  air  continuously,  or  with  30  minute  hold 
periods  displayed  even  lower  endurances  than  comparative 
tests  in  vacuum.  Thus  White  concluded  that  both  oxidation 
and  creep  during  hold  periods  in  fatigue  lowered  endurance; 
however,  from  endurance  curves  it  was  shown  that  oxidation 
had  more  serious  effect  than  did  creep. 

Metallography  performed  by  White  on  these  high  temper¬ 
ature  fatigue  specimens  in  air  revealed  trangranular  and 
oxidized  cracks  on  the  continuously  cycled  test.  With  hold 
times  of  30  to  300  minutes  at  maximum  strain,  the  surface 
which  was  in  tension  during  the  hold  time  displayed  a  mix¬ 
ture  of  intergranular  and  transgranular  cracking.  The 
surface  that  was  in  compression  during  the  hold  time  had 
short,  wide,  transgranular  cracks  with  blunt  ends.  In 
vacuum,  some  light  oxidation  of  the  crack  surface  appeared 
but  it  was  far  less  than  the  air  test.  In  the  continuous 
cycling  test,  fine  transgranular  cracking  occurred;  the 
30  minute  hold  time  tests  had  intergranular  cracks  on  the 


tension  side  with  trangranular  cracks  on  the  compression 
side. 

Further  study  of  elevated  temperature  low  cycle  fatigue 
behavior  with  hold  times  was  conducted  by  Lord  and  Coffin 
[Ref.  8]  on  Cast  Rene-80,  an  aircraft  engine  turbine  bucket 
alloy.  The  purpose  of  their  study  was  to:  (1)  determine 
whether  a  complex  wave  form  involving  tensile  and  compres¬ 
sive  strain  hold  periods  gave  different  predictions  of  life 
from  those  based  on  extrapolation  of  continuously  cycled, 
triangular  waveforms,  fully  reversed,  results;  and  (2)  whether 
the  fracture  mode  was  altered  by  the  wave  shape  under  these 
long  hold  time  conditions.  Lord  and  Coffin  observed  that 
when  the  hold  times  were  equal  in  tension  and  compression, 
the  fatigue  life  agreed  closely  with  those  predicted  from 
continuous  cycling  results.  A  pronounced  difference  in  life 
was  found,  however,  when  the  loading  wave  form  involved 
tension  only  or  a  compression  only  cycling.  Surprisingly, 
compression  only  hold  periods  reduced  the  fatigue  lives  from 
those  found  in  continuous  cycling,  while  tension  hold 
periods  increased  the  fatigue  life.  Metallographic  examina¬ 
tion  displayed  transgranular  crack  propagation  through  the 
material,  with  an  oxide  layer  coating  the  crack. 

It  is  thus  clear  that  the  behavior  of  materials  cannot  be 
generalized  as  to  its  response  to  elevated  temperature 
fatigue,  but  are  different  for  each  material. 
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Haigh,  Skelton,  and  Richards  [Ref.  9]  investigated  the 
oxidation-assisted  crack  growth  during  high  cycle  fatigue 
of  a  1  Cr-Mo-V  steel  at  high  temperatures.  Crack  growth 
rates  were  described  by  Linear  Elastic  Fracture  Mechanics 
(LEFM) ,  and  they  were  found  to  be  highly  dependent  on 
oxidation. 

Further  work  by  Skelton  [Ref.  10]  investigated  the  crack 
growth  during  high  strain  fatigue  of  0.5  Cr-Mo-V  steel  at 
500 °C.  This  paper  discussed  the  effects  of  oxidation  on 
fatigue  crack  growth  with  regards  to  hold  periods,  and  also 
attempted  to  separate  the  initiation  and  propagation  stages 
of  fatigue  fracture  to  give  a  more  reliable  explanation  of 
each. 

In  this  work,  push-pull  specimens  were  machined  out  of 
material  trepanned  from  a  large  turbine  casting  and  fatigue 
tested  in  air  and  vacuum  environments.  Some  of  the  push- 
pull  specimens  were  heat  treated  from  a  ferritic  micro¬ 
structure  with  approximately  5%  pearlite  to  a  granular 
bainitic  microstructure.  In  continuous  cycling  tests, 
Skelton  observed  that  for  a  given  strain  range  and  crack 
length,  the  crack  propagation  rate  under  vacuum  was  less 
than  in  air  except  at  large  crack  depths  and  the  lowest 
strain  range  (ep  =  0.002).  In  both  cases,  cracks  were 
transgranular  however  those  tested  in  air  contained  an  oxide 
layer.  For  the  tests  conducted  with  half  hour  dwells  in 
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tension  at  the  lower  strain  ranges,  the  cracks  propagated 
faster  in  both  air  and  vacuum  as  compared  with  those  conti¬ 
nuous  cycled,  and  the  mode  of  fracture  was  intergranular. 
Several  fatigue  tests  were  also  performed  with  a  7  hour 
dwell  in  tension;  for  both  air  and  vacuum,  the  cyclic  crack 
propagation  rates  were  close  to  the  half  hour  dwell  test. 
This  saturation  of  crack  growth  after  long  dwell  periods  at 
elevated  temperatures  hints  that  the  dominant  mechanism  is 
environmentally  controlled  and  not  creep. 

In  other  work  on  elevated  temperature  fatigue,  Teranishi 
and  McEvily  [Ref.  ll]  investigated  the  effect  of  oxidation 
on  both  tension  and  compression  hold  time  fatigue  behavior 
of  2.25  Cr. -  IMo  steel.  Their  observations  also  indicated 
that  hold  periods  heavily  influenced  high  temperature 
fatigue  behavior;  however,  they  directly  related  fatigue 
behavior  to  the  oxide  that  formed  during  the  hold  periods. 
Teranishi  and  McEvily  noted  that  on  going  into  compression 
after  a  tension  hold,  the  oxide  formed  during  the  hold 
period  spalled  off.  In  contrast,  on  going  into  tension 
after  a  compression  hold,  the  oxide  cracked  but  did  not 
spall  off.  Teranishi  and  McEvily  postulated  that  by  the 
oxide  cracking  and  not  spalling,  local  stress  and  strain 
concentrators  are  created  which  facilitate  nucleation  of 
fatigue  cracks  .  This  suggested  that  in  the  absence  of 
oxidation  effects,  a  tension  hold  may  be  more  deterious 


20 


than  a  compression  hold  for  this  alloy.  Although  Teranishi 
and  McEvily's  work  concerned  itself  mostly  with  crack 
initiation,  their  theory  can  be  related  to  crack  growth 
and  crack  branching. 

In  complementary  work,  Skelton  and  Haigh  [Ref.  12] 
reported  on  fatigue  crack  growth  rates  and  thresholds  in 
steels  under  different  environmental  conditions.  In  their 
work,  the  effect  of  R  (minimum  load/maximum  load)  and 
loading  frequency  on  fatigue  crack  growth  in  tests  on 
Cr-Mo-V  steels  at  550 °C  was  investigated  under  oxidizing 
and  vacuum  conditions.  The  results  were  described  by  linear 
elastic  fracture  mechanics  (LEFM)  using  just  the  tensile 
loading  to  calculate  the  stress  intensity  amplitude  AK. 

At  R  *  0,  zero  to  tension  loading  in  air,  lowering  the 

frequency  from  1.0  to  0.01  Hz  generally  increased  the  rate 

of  crack  propagation.  For  equal  tension  and  compression 

loading  in  air  (R  =  1) ,  crack  growths  were  always  higher, 

and  the  thresholds  AK  were  also  reduced.  Thus  it  was 

o 

possible  to  restart  cracks  stopped  at  R  =  0  by  the  addition 
of  equal  compression  loading.  At  R  =  0,  tension  to  tension 
loading  in  air,  it  was  found  that  crack  growth  rates 
increased  with  increasing  R  up  to  a  plateau.  Under  a 
vacuum  environment,  the  results  were  somewhat  different. 
Haigh  and  Skelton  compared  crack  growth  rates  in  air  and 
under  vacuum  and  noted  that  the  propagation  rates  were 
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larger  in  air  than  under  vacuum.  Also  there  was  a  smaller 
effect  of  fatigue  frequency  with  a  vacuum  environment. 

In  work  concerning  nuclear  steam  generator  design; 
Brinkman,  et  al.  [Ref.  13],  investigated  time  dependent 
strain  controlled  fatigue  behavior  of  annealed 
2  1/4  Cr  -  1  Mo  steel.  Brinkman's  results  related  closely 
to  Skelton's  and  White's  research  in  low  alloy  steel  but 
differed  from  those  of  Lord  and  Coffin  on  Cast  Rene  80. 

Fully  reversed  strain-controlled  push-pull  fatigue  tests 
of  specimens  from  several  heats  of.  isothermally  annealed 
commercial  2  1/4  Cr  -  1  Mo  steel  were  conducted  in  air  at 
elevated  temperature.  Brinkman,  et  al. ,  found  that  the 
fatigue  life  depended  on  the  strain  range,  temperature, 
strain  rate,  cyclic  wave  form,  and  the  particular  heat  of 
the  material  used.  The  fatigue  life  was  reduced  when 
either  tension  or  compression  strain  hold  periods  were 
introduced  in  each  cycle.  Compressive  hold  periods  had 
the  more  pronounced  effect,  and  a  further  reduction  in 
fatigue  life  occurred  when  duration  of  the  compressive  hold 
period  was  increased. 

The  most  recent  work  on  2  1/4  Cr  -  1  Mo  steel  was 
reported  by  Challenger  et  al.  [Ref  14].  They  addressed  the 
question  of  whether  creep  fatigue  interaction  or  environ¬ 
mental  fatigue  interaction  was  responsible  for  the  greatly 
reduced  fatigue  life  for  specimens  tested  with  various 
waveforms  (tension,  compression,  or  tension  plus  compression 
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hold  periods  at  maximum  strain)  compared  with  the  con¬ 
tinuously  cycled  specimens  at  the  same  temperatures. 
Challenger  et  al.  showed  that  the  waveform  effects  in  an 
oxidizing  environment  dominate  crack  initiation  and  that 
initiation  can  be  considered  to  have  occurred  as  soon  as 
a  circumferential  crack  in  the  oxide  occurs.  This  idea 
was  the  basis  for  a  model  developed  by  Challenger,  Miller, 
and  Langdon  [Ref.  15].  In  their  work  on  environmental 
fatigue,  however,  certain  deficiencies  in  their  model  exist 
due  to  uncertainties  regarding  the  effect  of  waveform  on 
crack  growth,  and  this  was  the  primary  motivation  for  this 
research. 

Concerning  the  fractography  of  fatigue  investigations, 
in  1951  Zapple  and  Worden  [Ref.  16]  observed  an  effect  that 
seemed  characteristic  of  some  fatigue  fracture  surfaces, 
namely  the  appearance  of  fine  striations.  It  was  not  until 

1960  when  the  classic  paper  correlating  fatigue  crack 
growth  rates  and  striation  spacing  was  written  by  Forsyth 
and  Ryder  [Ref.  17],  and  later  substantiated  by  them  in 

1961  [Ref .  18].  They  observed  a  one  to  one  correspondence 
between  the  number  of  loading  cycles  experienced  by  the 

material  and  the  number  of  striations  present  in  a  precracked 
specimen.  Also  noted  was  that  larger  fatigue  strain  ranges 
produced  wider  striation  spacing  in  the  same  material. 

Fatigue  striations  can  assume  many  forms  and  it  is  not 
absolutely  clear  why  there  are  different  morphologies. 
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Often  associated  with  the  different  morphologies  during 
crack  propagation  is  the  difference  in  testing  environments. 
Fatigue  striations  tend  to  assume  a  cleavage-like  appearance 
when  formed  in  an  aggressive  environment,  but  appear  more 
ductile  when  formed  in  an  inert  environment.  Exposure  to 
oxidizing  and  high  temperature  environments  have  resulted 
in  completely  obliterating  fatigue  striations  making  it 
difficult  to  detect  them  [Ref.  19]. 


III.  EXPERIMENTAL 


A.  MATERIAL  AND  HEAT  TREATMENT 

The  specimens  of  2  1/4  Cr  -  1  Mo  steel  examined  in  this 
work  are  specimens  from  high  temperature  fatigue  tests 
performed  by  R.  P.  Skelton  and  K.  D.  Challenger  at  the 
Central  Electricity  Research  Laboratories  (CERL) ,  Leather- 
head,  Surrey,  United  Kingdom.  Two  heats  of  steel  were 
tested.  The  first  heat,  demoted  XLM,  was  supplied  as  32mm 
diamter  bar.  It  was  annealed  by  heating  to  950 °C  for 
1  hour,  cooled  to  700 °C  in  3  hours,  held  for  2  hours  at 
700 °C,  and  then  furnace  cooled.  The  other  heat  was  supplied 
by  the  UKAEA  as  normalized  and  tempered  (N&T)  plate.  The 
original  forging  was  held  at  960 °C  for  6  hours  and  water 
quenched;  tempering  followed  with  the  steel  being  held  at 
690°C  for  12  hours,  and  then  cooled  at  23°C  per  hour.  The 
compositions  of  the  two  heats  of  2  1/4  Cr  -  1  Mo  steel  are 
given  in  Table  I. 

B.  FATIGUE  TESTING 

The  cylindrical  shaped  specimens  machined  for  testing 
in  high  strain  fatigue  (HSF)  had  a  diameter  and  gauge 
length  of  12.7mm  (0.5in).  A  shallow  starter  notch, 
approximately  0.3mm  deep,  was  cut  as  a  chord  in  the  center 
of  the  gauge  to  forego  crack  initiation  effects  in  the 
testing.  Rectangular  specimens  for  the  Linear  Elastic 


Fracture  Mechanics  tests  were  cut  to  8  x  25mm  cross  sections 
and  were  notched  approximately  5mm;  maintaining  a  specimen 
depth  to  width  ratio  of  0.2. 

The  specimens  were  all  subjected  to  fully  reversed, 

axial  push-pull  cyclic  loading  using  servo-controlled  closed 

loop  electrohydraulic  or  servo-electric  fatigue  testing 

machines.  All  experiments  were  performed  at  525°C  in  either 

air  or  vacuum.  The  vacuum  was  maintained  at  1.3  mPa  (10  5 

torr) .  The  testing  frequency  during  continuous  cycling  was 

-2 

approximately  10  Hz  for  the  HSP  and  LEFM  tests;  the  HSF 

tests  used  a  triangular  strain  controlled  waveform  and  the 

LEFM  tests  used  a  sinusoidal  load  controlled  waveform.  On 

most  HSF  specimens,  1/2  hour  dwell  periods  were  imposed  at 

the  maximum  strains  in  tension  (T) ,  compression  (C) ,  or 

tension  plus  compression  (T+C) .  These  half  hour  dwell  tests 

were  conducted  at  0.2%  cyclic  plastic  strain.  The  continuous 

cycled  HSF  tests  were  conducted  at  cyclic  plastic  strain 

ranges  of  0.2,  0.1,  0.02  percent  for  each  increment  of  crack 

growth;  with  several  strain  ranges  being  possible  on  a 

single  specimen.  Figure  1  shows  typical  strain  vs.  time 

plots  and  stress/strain  hysteresis  loops  for  each  of  the 

four  types  of  tests  made.  In  the  continuous  cycling  tests 

on  the  LEFM  specimens  the  alternating  gross  stress  was 

initially  kept  at  ±115  MPa  in  vacuum  resulting  in  cyclic 

stress  intensity  range  AK  (tensile  value  only)  variation 

1/2 

from  12  -  20  MPa  m  as  the  crack  increased  in  depth. 


After  about  7mm  of  crack  growth,  air  was  admitted  into  the 
system  and  corresponding  growth  rates  were  determined  with 
similar  AK  ranges  which  required  a  reduced  stress  of 
±60  MPa. 

To  measure  the  crack  growth  rates  for  both  the  HSF  and 
LEFM  tests,  D.C.  potential  drop  methods  were  used  to  measure 
crack  depths  up  to  approximately  6mm  in  HSF  and  15mm  in  LEFM 
tests.  For  the  rectangular  specimens  (LEFM)  there  was  a 
direct  correspondence  with  crack  depth  and  potential  drop 
calibration.  For  the  thumbnail  shaped  cracks  observed- in 
the  cylindrical  specimens  (HSF) ,  the  calibration  was  verified 
by  using  a  measurement  of  peak  depth  from  obvious  marking  on 
the  fracture  surface  which  resulted  from  large  strain  changes 
during  testing  in  air  or  changes  in  the  wave  shape  in  vacuum 
and  comparing  that  crack  length  to  the  calculated  crack 
length  fiom  the  calibration  curves. 

Because  of  the  vacuum  chamber,  conventional  extensiometry 
could  not  be  employed,  so  the  dwell  tests  in  HSF  were  not 
carried  out  at  constant  total  strain.  Instead,  displacement 
control  was  affected  remotely,  resulting  in  some  elastic 
follow  up  in  the  gauge.  Figure  2  shows  a  typical  hysteresis 
loop  and  indicates  that  these  tests  are  a  compromise  between 
dwells  at  constant  total  strain  and  constant  stress. 

After  significant  crack  propagation,  the  specimens  were 
cut  perpendicular  to  the  crack  surface.  Half  of  the  specimen 
was  mounted  for  optical  microscopy  to  show  the  total  shape 
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of  the  crack  and  the  oxide  formation.  After  mounting,  the 
specimens  were  polished  and  then  etched  in  2%  Nital  solution 
for  8  seconds.  The  optical  metallography  was  performed  on 
a  Zeiss  research  optical  microscope.  The  other  half  of  the 
specimen  was  pulled  apart  and  separated;  these  fracture  surfaces 
were  mounted  for  fractographic  examination.  A  Cambridge 
Stereoscan  scanning  electron  microscope  was  used  for  all 
examinations.  Fracture  surfaces  with  thick  layers  of  oxide 
were  partially  cleaned  with  cellulose  acetate  replicating 
tape.  However,  the  oxide  was  so  thick  and  adherent  that  an 
inhibited  HCL  solution  was  frequently  used  to  remove  the 
oxide.  All  the  fracture  surfaces  were  reviewed  for  compari¬ 
son  of  the  different  loading  regions.  The  exact  location  of 
the  fracture  surface  under  observation  was  determined  from 
the  positioning  calipers  in  the  stage  of  the  scanning  electron 
microscope.  Where  striations  were  distinguishable,  striations 
spacing  was  measured.  The  procedures  for  these  measurements 
follows;  several  photographs  of  the  fracture  surface  with 
distinguishable  striations  were  taken  using  the  scanning 
electron  microscope  at  magnifications  of  approximately 
500  -  1Q00X.  Measurements  of  the  striation  spacings  were 
then  made  using  a  line  intercept  technique.  Averages  of 
these  measurements  were  tabulated  for  comparison. 
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IV.  RESULTS 


A.  HSF  CRACK  PROPAGATION 

The  crack  growth  rates  have  been  plotted  as  a  function 
of  peak  crack  depth  for  the  continuous  cycled  and  dwell 
period  tests  in  air  and  in  vacuum  for  the  annealed  and  the 
normalized  and  tempered  material. 

1.  Continuous  Cycling  in  Air 

The  results  for  the  continuous  cycled  in  air  for 
the  annealed  material  are  given  in  Figure  3,  and  for  the 
normalized  and  tempered  material  in  Figure  4.  The  crack 
growth  rates  for  the  two  different  heat  treatments  are 
compared  in  Figure  5.  From  Figures  3-5  it  is  seen  that  the 
growth  rate  is  a  function  of  plastic  strain  range,  As  .  At 

r 

the  largest  plastic  strain  range,  0.2%,  the  growth  rates 
for  the  N+T  (normalized  and  tempered)  material  were  greater 
than  those  for  the  annealed  material,  however,  this  effect 
was  reversed  at  the  smallest  strain  range  investigated, 
0.02%. 

For  both  heats,  the  cracks  were  transgranular  with 
layer  of  oxide  coating  the  crack  surface.  Figures  6  and  7 
show  unetched  views  of  the  cracks.  Both  cracks  were 
relatively  straight,  and  propagation  occurred  perpendicular 
to  the  straining  direction.  The  crack  of  the  annealed 
material  had  a  jagged  appearance  (see  Figure  6),  and  upon 
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further  investigation  at  higher  magnifications  the  oxide 
was  found  to  occasionally  grow  outward  away  from  the  crack 
in  small  protrusions.  These  protrusions  varied  from  small 
pockets  of  oxide  to  sharp  lines  of  oxide  perpendicular  to 
the  propagation  direction  (see  Figure  8)  possibly  indicating 
crack  branching.  Initially  from  the  pattern  of  these 
branches,  it  was  thought  that  they  had  formed  near  inclusions, 
however  this  was  not  the  case.  The  branches  did  not  favor 
either  intergranular  or  transgranular  growth.  No  change  in 
the  crack  propagation  path  due  to  changing  strain  range  was 
observed. 

The  crack  for  the  normalized  and  tempered  material  was 
wider  than  that  of  the  annealed  material,  possibly  indicating 
a  greater  tendency  for  oxidation  under  these  conditions  (see 
Figure  7) .  Higher  mangif ication  photos  of  the  N+T  material 
are  given  in  Figure  9.  These  photos  indicate  a  slight 
tendency  for  crack  branching  with  small  thin  lines  of  oxide 
extending  away  from  the  crack.  Major  branching  was  also 
observed.  Figure  9.  The  crack  morphology  is  dependent  upon 
the  plastic  strain  range,  where  at  larger  strains,  the  crack 
had  more  oxide  branching  and  a  rougher  appearance. 

Fractography  results  are  given  in  Figures  10-12 
for  the  annealed  heat,  and  13  and  14  for  the  N+T  heat.  For 
the  annealed  material,  Figure  10  displays  different  zones  in 
the  fracture  surface  where  the  plastic  strain  range  was 
changed.  It  is  evident  from  the  zone  lines  that  the  crack 


progressed  with  a  "finger-nail"  type  crack  front  away  from 
the  starter  notch.  Ridges  extend  radially  from  the  starter 
notch  and  are  noted  by  the  white  lines  on  the  surface  in 
Figure  10.  Oxide  was  removed  from  the  majority  of  the 
fracture  surface,  however,  some  of  the  thick  oxide  formed 
early  in  the  test  could  not  be  removed.  Higher  magnification 
fractographs  of  the  annealed  fracture  surface  are  given  in 
Figures  11  and  12.  The  surfaces  coinciding  with  the  larger 
plastic  strains  were  slightly  rougher  than  the  smaller  strain 
regions  (see  Figure  11) .  The  ridges  noted  earlier  tended  to 
progress  across  different  plastic  strain  zones  in  a  continuous 
manner.  Striations  characteristic  of  cyclic  fatigue  were 
noted  in  this  material  in  each  zone  where  the  oxide  was 
removed  or  thin  enough  not  to  totally  mask  the  striation 
pattern.  Striation  spacing  was  found  to  increase  with 
increasing  plastic  strain  as  first  suggested  by  Forsyth  in 
Reference  18.  This  is  shown  in  Figure  12a,  where  a  transi¬ 
tion  from  0.1  to  0.02%  plastic  strain  is  displayed. 

Striation  spacing  as  a  function  of  crack  growth  rates  is 
given  in  Figure  15.  The  striation  spacing  from  all  tests 
was  found  to  be  directly  proportional  to  the  crack  growth 
rate,  and  closely  fit  a  perfect  correlation  curve. 

Fractographs  for  the  normalized  and  tempered  material 
are  given  in  Figures  13  and  14.  Figure  13  shows  the  total 
fracture  surface  and  the  pronounced  transitions  between 
different  plastic  strain  zones.  The  darker  zones  represent 


areas  subjected  to  smaller  plastic  strains;  these  areas  are 
flatter  than  the  higher  strained  zones.  Radial  ridges  are 
also  noted  in  this  heat,  however,  they  are  most  prevalent 
in  the  larger  strain  regions  and  tend  to  smooth  out  with  low 
strains.  Figure  12(b)  displays  a  transition  region  where  the 
oxide  has  been  removed.  The  difference  in  surface  roughness 
and  striation  pattern  is  observed.  Due  to  the  heavy  oxide 
layer,  striation  measurements  were  limited. 

2 .  Continuous  Cycling  in  Vacuum 

The  results  for  the  continuous  cycling  tests  in 
vacuum  for  the  annealed,  and  normalized  and  tempered  materi¬ 
als  are  given  in  Figures  16  and  17,  respectively.  Figure  18 
compares  the  data  of  the  two  heat  treatments  given  in 
Figures  16  and  17.  Vacuum  results  present  the  same  trend 
in  growth  rates  as  a  function  of  plastic  strain  range; 
however  at  small  crack  depths,  crack  growth  rates  in  vacuum 
were  considerably  less  than  corresponding  values  in  air  and 
only  approached  them  at  crack  depths  of  about  4mm  (near  the 
end  of  the  crack  (see  Figure  19).  This  behavior  suggests  a 
marked  contribution  to  growth  made  by  oxidation  at  low 
crack  growth  rates  (short  cracks). 

Microscopy  revealed  that  no  oxide  was  present  on 
the  crack  surface  for  both  the  annealed,  and  the  normalized 
and  tempered  materials.  The  cracks  for  the  vacuum  tests  are 
shown  in  cross  section  unetched  in  Figures  20  and  21  with 


the  continuous  cycled  areas  of  the  crack  noted.  Higher 


magnification  crack  profiles  are  shown  in  Figures  22  and  23. 
Figure  22  shows  the  ferritic  grain  structure  of  the  annealed 
material  and  a  relatively  smooth  crack  that  continuously 
changes  direction  slightly  and  propagates  in  a  transgranular/ 
intergranular-like  manner.  Limited  crack  branching  was 
observed.  Figure  23  shows  the  bainitic  microstructure  of 
the  N+T  material  and  a  crack  that  propagates  trangranularly 
through  the  prior  austenite  grains.  Figure  23  also  displays 
a  series  of  fine  cracks  which  cooperatively  propagated  in 
the  crack  direction.  This  division  in  the  crack  path  indi¬ 
cates  a  strong  tendency  for  branching;  the  fine  cracks  sug¬ 
gest  the  possibility  of  reweldment  or  partial  reweldment  of 
the  crack,  slowing  the  crack  growth  rate. 

Fractography  results  are  given  in  Figures  24-27,  with 
Figures  24  and  25  showing  the  complete  fracture  surfaces. 

It  should  be  noted  here  that  Figures  24  and  25  are  the  frac¬ 
ture  surfaces  of  the  vacuum  tests  for  all  loading  conditions 
in  HSF,  and  that  the  continuous  cycling  regions  are  only 
portions  of  the  total  fracture  surface.  Figures  26  and  27 
compare  the  fracture  surfaces  of  both  heat  treatments  in 
continuous  cycling  at  the  two  different  levels  of  plastic 
strain  tested.  The  topography  of  the  fracture  surfaces  in 
vacuum  are  much  more  varied  and  irregular  compared  with 
those  of  air.  Sharp  ridges  that  are  oriented  radially  away 
from  the  starter  notch  are  observed  similar  to  those  in  air. 
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Striation  patterns  are  recognizable,  but  much  less  distinct 
than  those  tests  in  air;  the  striation  spacing  could  not  be 
determined  due  to  the  irregularity  and  jagged  appearance  of 
the  cyclic  patterns.  Possible  crack  branching  was  observed 
in  Figure  27  on  the  normalized  and  tempered  material  at  a 
transition  point  between  the  plastic  strain  ranges  of  0.2% 
and  0.1%. 

In  general,  the  propagation  rates  in  air  and  vacuum 
obeyed  the  relation: 

da/dN  =  Ba^  eq.  1 

where  a  is  crack  length,  N  the  number  of  cycles,  and  B  and 
Q  are  constants  for  a  given  plastic  strain  range.  The  values 
of  B  and  Q  for  the  different  cycling  conditions  are  listed 
in  Table  II. 

3.  Cycles  with  1/2  Hour  Dwell  in  Air 

The  effects  of  an  added  1/2  hour  dwell  in  tension, 
compression,  or  tension  and  compression  for  the  annealed, 
and  the  normalized  and  tempered  in  air  are  given  in 
Figures  28  and  29,  with  a  comparison  of  the  two  heats  in 
Figure  30.  For  the  N+T  heat;  the  crack  growth  rates  appear 
to  be  independent  of  whether  a  tension,  compression,  or 
tension  plus  compression  type  dwell  was  imposed.  This  trend 
is  similar  for  the  annealed  heat,  however  the  tension  plus 
compression  dwell  clearly  shows  an  increase  in  crack  growth 
rate.  Figure  30.  The  oxidation  component  had  apparently 
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saturated  and  there  was  no  evidence  either  of  additional 
creep  damage  contribution  imposed  by  the  1/2  hour  dwell 
periods.  It  is  important  to  emphasize  that  the  air  data  in 
Figures  28,  29  and  30  were  step  tests  on  a  single  specimen 
so  that  the  observations  do  not  result  from  specimen  to 
specimen  scatter. 

Microscopy  results  are  shown  in  Figures  31  and  32. 
Unetched  total  crack  profiles  are  compared  in  Figures  20(a) 
and  21(a).  At  this  low  magnification,  the  cracks  appear  to 
be  similar,  showing  major  oxidation  along  the  edge  of  the 
crack.  Etched  crack  sections  at  higher  magnifications  are 
shown  in  Figures  31  and  32;  these  show  that  both  cracks  tend 
to  propagate  transgranular ly .  For  the  annealed  material, 
a  difference  is  noted  in  the  appearance  of  the  oxide  in 
sections  of  the  crack  that  had  dwell  periods  of  tension, 
compression,  and  tension  plus  compression  (see  Figure  31) . 
The  oxide  in  the  tension  dwell  period  section  remained 
largely  intact,  whereas  the  oxide  in  the  compression  dwell 
section  was-  mostly  cracked.  In  the  tension  plus  compression 
dwell  section,  the  oxide  was  in  patches,  seemingly  not 
adherent  to  the  surface;  this  possibly  suggests  why  cycling 
with  tension  plus  compression  dwell  periods  produced  larger 
crack  growth  rates.  The  normalized  and  tempered  material 
(Figure  32)  has  a  thick  oxide  layer  along  the  crack  surface 
with  an  occasional  tendency  for  oxide  branching.  These 
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branches  are  similar  to  the  branches  noted  in  the  continu¬ 
ously  cycled  specimen.  No  correlation  could  be  made  with 
the  loading  waveforms  used  in  the  test  and  the  oxide  formed 
at  those  sections  of  the  crack.  The  tip  of  the  crack  is 
filled  with  a  cracked  oxide. 

The  fractography  results  for  both  heats  are  given 
in  Figures  33-36.  Figure  33  displays  half  the  total  crack 
surface  of  the  annealed  material  and  the  thick  layer  of 
oxide  (the  darker  area)  that  could  not  be  removed.  The 
different  loading  regions  cannot  be  discerned  as  in  the 
continuous  cycled  fracture  surface  (see  Figure  10) . 

Figure  35  shows  three  areas  of  the  fracture  surface  that  are 
coincident  with  the  different  loading  wave  forms  with  dwell 
periods.  Relatively  little  difference  in  surface  character¬ 
istics  is  noted  in  these  photographs;  all  the  areas  were 
smooth  in  appearnace  with  some  bxide  remaining.  Rough 
striation  patterns  were  also  observed. 

The  normalized  and  tempered  fracture  surface  is  given 
in  Figure  34.  Here  different  loading  waveform  regions  are 
recognized,  however,  they  are  not  as  pronounced  as  the 
continuous  cycled  surface  (see  Figure  13) .  For  this  specimen 
the  oxide  was  very  thick  and  only  could  be  removed  near  the 
end  of  the  crack,  therefore  only  limited  surface  observation 
could  be  performed.  Figure  36  shows  the  fracture  surface  of 
areas  of  different  waveform  loading.  Limited  striation 
counting  was  performed  however. 
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Cycles  with  1/2  Hour  Dwell  in  Vacuum 


Crack  growth  results  in  vacuum  with  a  1/2  hour  dwell 
are  given  in  Figures  37  and  38.  These  results  are  somewhat 
surprising.  (Here  again  it  should  be  noted  that  these 
results  were  based  on  single  specimen  tests.)  In  both  the 
annealed  and  the  normalized  and  tempered  steel  a  tension 
type  dwell  caused  the  highest  cyclic  growth  rate. 

During  a  compression  dwell  stage,  the  N+T  material 
showed  a  lower,  reduced  crack  growth  rate;  and  with  the 
annealed  material,  crack  growth  ceased.  Tension  plus  com¬ 
pression  dwell  cycling  produced  an  intermediate  propagation 
rate.  Overall  ,  the  crack  growth  rates  in  vacuum  for  the 
annealed  material  were  greater  than  the  N+T  material.  The 
complete  halting  of  the  crack  in  the  ann  aled  material 
suggested  that  rewelding  was  occurring  during  the  compression 
dwell  period. 

Figures  39  to  41  compare  the  crack  morphologies  for 
the  1/2  hour  dwell  specimens  in  vacuum.  As  noted  earlier. 
Figures  20(b)  and  21(b)  show  the  total  unetched  crack 
profile  for  the  vacuum  tests;  the  various  loading  waveforms 
are  annotated.  For  the  annealed  material,  higher  magnifica¬ 
tion  photographs  of  the  crack  are  given  in  Figure  39.  These 
photographs  show  no  oxide  along  the  crack  and  a  fracture 
mode  that  is  intergranular-like;  occasionally  the  crack 
follows  along  the  grain  boundaries.  Interg  Anular  and 
transgranular  branching  is  also  observed.  There  was  no 


increased  tendency  for  branching  to  occur  during  any  specific 
wave  form  imposed;  they  seemed  to  form  randomly.  Branches 
were  very  thin  and  extended  a  short  distance  away  from  the 
main  crack.  Tension  dwell  sections  were  slightly  straighter 
and  seemed  to  have  more  of  a  tendency  for  transgranular 
propagation. 

The  normalized  and  tempered  cracking  morphologies 
are  given  in  Figures  40  and  41.  After  the  continuously 
cycled  crack  initiation  section  of  the  crack  where  a  wide 
crack  opening  displacement  is  noted,  the  crack  seemed  to 
propagate  in  a  series  of  fine  cracks  that  were  closely 
clustered.  Occasionally  these  fine  cracks  would  branch  away 
from  the  predominant  crack  direction,  but  would  only  proceed 
short  distances  from  the  main  cluster.  Figure  41  displays 
this  fine  crack  branching.  It  is  suggested  that  crack 
rewelding  could  possibly  occur  in  these  fine  cracks  in  the 
compression  dwell  of  a  cycle. 

The  fractography  results  are  quite  interesting.  The 
crack  surfaces  that  were  analyzed  are  shown  in  Figures  24 
and  25.  In  Figure  24,  the  surface  of  the  annealed  material 
had  a  greyish-silver  appearance,  whereas  in  Figure  25,  the 
normalized  and  tempered  material  had  regions  of  different 
colors  that  depended  on  the  loading  waveform  applied. 

Fractographs  for  the  annealed  material  are  given  in 
Figure  42.  The  fracture  surfaces  are  similar  for  both  the 


tension,  and  the  tension  plus  compression  dwell  cycling  test 
(note:  compression  dwell  cycling  ceased  crack  growth)  with 

sharp  jagged  contours  lining  the  surface.  The  pocketed 
areas  in  Figure  42  resemble  grains  being  ripped  out  of  the 
surface  as  the  crack  passed  through  that  area.  This  may  be 
why  the  intergranular-like  fracture  mode  was  seen  in 
Figure  22.  Figure  42(c)  possibly  shows  intergranular  crack 
branching  in  a  tension  dwell  region.  Striation-like  patterns 
were  noted,  however  due  to  the  rough  jagged  surface  features 
striation  spacing  could  not  be  calculated. 

Fractographs  for  the  normalized  and  tempered  material 
are  given  in  Figure  43.  Generally,  the  fracture  surfaces  are 
similar  in  that  a  rough,  jagged  ridge-like  appearance  is 
present,  but  on  closer  examination,  regions  of  different  wave¬ 
form  loading  displayed  different  characteristics.  In  regions 
where  1/2  hour  tension  dwell  cycling  was  applied,  the  surface 
was  generally  rough,  but  smooth  between  contours.  In  1/2  hour 
compression  dwell  cycling  these  surfaces  were  dimpled, 
possessing  a  wet  tacky  paint  appearance.  The  regions  in 
which  1/2  hour  tension  plus  compression  dwell  cycling  was 
applied  had  a  combination  of  both  of  the  above  mentioned 
characteristics.  See  Figure  44.  This  dimpling  in  the 
compression  dwell  region  possibly  could  substantiate  rewelding 
or  partial  rewelding  of  the  fine  crack  surfaces. 


5.  Effect  of  Frequency  in  Air 


To  determine  the  effect  of  varying  frequency  on 
crack  growth  at  a  plastic  strain  range  of  0.2%,  a  test  on 
the  annealed  material  was  performed  in  air  at  progressingly 
higher  cycling  frequencies  of  0.025,  0.05,  and  0.25  Hz 
(triangular  waveform).  The  results  are  given  in  Figure  45. 

It  can  be  seen  that  the  effect  of  frequency  is  minimal.  The 
cyclic  crack  growth  rate  decreased  slightly  with  increasing 
frequency.  Figure  45  also  compares  the  crack  growth  rates 
of  the  tests  stated  above  to  the  continuous  cycle  tests  in 
air  where  the  plastic  strain  range  was  varied  throughout  the 
test  and  the  test  frequency  was  approximately  0.01  Hz.  In 
Figure  45,  only  the  0.2%  plastic  strain  data  was  plotted. 

No  frequency  effects  were  observed. 

Microscopy  of  the  frequency  test  specimen  revealed  a 
trans granular  crack  with  a  thin  layer  of  oxide  coating  the 
crack  surface.  The  total  unetched  crack  profile  is  shown  in 
Figure  46.  Figure  47  shows  the  microstructure  surrounding 
the  crack  and  the  slight  oxide  branching.  In  Figures  48  and 
49  the  fractography  displays  a  relatively  smooth  surface  with 
a  prominent  striation  pattern. 

B.  LEFM  CRACK  PROPAGATION 

1.  Continuous  Cycling  in  Air  and  Vacuum 

The  results  for  the  LEFM  tests  in  air  and  vacuum  are 
given  in  Figure  50,  where  continuous  cycling  crack  growth 
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rates  as  a  function  of  AK  are  plotted.  The  annealed  material 
shows  only  a  small  effect  due  to  the  environment  change  from 
vacuum  to  air  halfway  through  the  test.  The  normalized  and 
tempered  material,  however,  demonstrated  a  fourfold  reduction 
in  growth  rates  for  vacuum  compared  with  those  in  air.  The 
air  and  vacuum  data  for  the  normalized  and  tempered  material 
represent  upper  and  lower  bounds  for  the  scatterband  of  data 
in  these  tests. 

The  propagation  rates  in  air  and  in  vacuum  obey  the 
general  relation: 

da/dN  =  C  AKm  eq.  2 

where  a  is  crack  length,  N  the  number  of  cycles,  AK  is  the 
range  of  stress  intensity  measured  in  the  tensile  mode  only, 
m  is  the  slope  of  the  log- log  plot,  and  C  a  constant.  The 
values  for  C  and  m  for  an  upper  bound  relation  are  approxi¬ 
mately  7.65xl0±8  and  3.5  respectively. 

The  microscopy  for  the  LEFM  tests  are  given  in 
Figures  51-55.  Figures  51  and  52  show  the  crack  profiles 
for  both  the  reannealed  and  normalized  and  tempered  material. 

The  reannealed  material  displays  a  wide  transgranular  crack 
with  a  thin  layer  of  oxide  on  the  surface  of  the  crack.  In 
the  section  of  the  crack  which  was  subjected  to  the  vacuum 
environment  for  half  of  the  test,  the  crack  propagated  in  a 
very  jagged  manner.  In  this  region  only,  long  thin  transgranular 
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branches  extended  from  the  crack,  randomly  growing  into  the 
base  metal.  The  branches  were  filled  with  oxide.  The  totally 
air  exposed  section  of  the  crack  was  straight  and  smooth; 
except  for  the  end  of  the  crack  where  the  direction  of  the 
path  altered. 

The  cracks  are  shown  in  cross  section  for  the  annealed 
and  the  normalized  and  tempered  steel  in  Figures  53  and  54, 
respectively.  The  crack  propagation  path  is  very  different 
in  the  sections  of  the  crack  where  the  crack  propagated  in 
vacuum  from  the  region  where  the  crack  propagated  in  air. 

Both  sections  had  an  oxide  layer  covering  the  surface  of  the 
crack  and  the  crack  was  transgranular .  The  vacuum  section 
was  rough  and  jagged,  with  the  crack  altering  its  direction 
often  during  propagation.  When  the  crack  altered  signifi¬ 
cantly  away  from  the  straight  path  axis,  small  branches 
extended  in  the  original  direction  of  the  path.  The  pro¬ 
jections  were  full  of  oxide  (presumably,  oxidation  occurred 
when  air  was  admitted  into  the  test  chamber) .  In  the  air 
only  section  of  the  crack,  the  path  was  straight,  smooth, 
and  very  narrow.  The  tip  of  the  crack  is  very  sharp  and  is 
filled  with  cracked  oxide.  Figure  55  shows  the  tip  of  the 
crack  and  the  oxide  present.  Noted  at  the  very  tip  of  the 
crack  is  a  short  thin  extension  of  the  crack  where  oxide  has 
not  formed  yet.  This  most  likely  is  the  next  step  in  propa¬ 
gation  of  the  crack.  The  cracked  oxide  at  the  tip  suggests 
that  a  type  of  spalling  mechanism  is  assisting  the  propagation 


of  the  crack. 


The  fractography  results  are  given  in  Figures  56-59. 
The  differences  mentioned  in  the  microscopy  above  are  clearly 
shown  in  the  fracture  surface  photographs  in  Figures  56  and 
57.  The  vacuum  areas  are  rough  and  irregular  whereas  the 
air  areas  are  smoother  and  flatter.  This  is  very  evident  in 
the  normalized  and  tempered  fracture  surface  in  Figure  57; 
the  mountainous  vacuum  region  levels  out  to  a  planer  air 
region. 

Striation  spacing  data  was  taken  from  areas  near  the 
end  of  the  crack  in  the  air  areas  and  was  found  to  directly 
correlate  with  crack  growth  rates. 
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V.  DISCUSSION 


A.  ENVIRONMENTAL  EFFECTS 

In  HSF  cycling,  when  the  crack  growth  rate  is  approxi- 
-3 

mately  2x10  raro/cycle,  or  for  crack  depths  of  approximately 
4  mm,  the  continuous  cycling  propagation  rates  in  vacuum 
approach  the  propagation  rates  in  air  (see  Figure  19) .  This 
indicates  a  strong  dependence  on  oxidation  effects  early  in 
crack  life,  or  at  relatively  low  crack  growth  rates;  the 
effect  then  diminishes  with  the  crack  advancing  by  mostly 
mechanical  means  and  oxidation  making  only  a  minor  contribu¬ 
tion  at  high  crack  growth  rates.  The  oxidation  effects  are 
best  interpreted  as  a  formation,  spalling,  and  regeneration 
process  of  the  oxide  occurring  at  the  crack  tip.  Figure  55 
shows  evidence  of  this.  In  Figure  55  the  crack  tip  is  full 
of  cracked  oxide,  the  cracks  in  the  oxide  extend  to  the 
oxide-metal  interface.  With  cycling,  the  oxide  that  has 
formed  on  the  surface,  cracks  and  spalls.  This  allows  that 
portion  of  the  crack  tip  to  be  exposed  to  further  oxidation 
and  the  cycle  continues. 

This  effect  decreases  later  in  crack  life  as  the  crack 
growth  rate  increases  with  crack  depth.  The  controlling 
damage  mechanism  shifts  to  a  mechanical  growth  mechanism 
(as  in  the  vacuum  test)  from  an  oxidizing  mechanism. 

Figure  19.  This  oxidation  effect  is  best  displayed  in 


Figure  52,  which  shows  the  crack  profile  of  the  LEFM  test 
where  the  test  started  in  vacuum  and  then  air  was  bled  into 
the  system  half  way  through  the  test.  The  mechanism  of 
crack  growth  clearly  goes  from  a  mechanical  mode  in  vacuum 
where  the  crack  changed  directions  continuously  and  is  sharp 
and  jagged,  to  an  oxidation  mode  in  air  where  the  crack  grows 
straight  and  smooth  presumably  driven  by  oxidation  at  the 
crack  tip.  Accelerated  oxidation  rates  due  to  increased 
strain  concentrations  at  the  crack  tip  have  been  reported  by 
Skelton  and  Bucklow  [Ref.  20],  This  must  also  be  occurring 
in  the  present  tests  in  order  to  explain  the  large  differ¬ 
ence  between  the  crack  growth  rates  in  air  and  vacuum. 

The  loading  waveforms,  i.e.  tension,  compression, 
tension  plus  compression . has  very  little  effect  on  the  crack 
growth  rates  in  air,  but  a  very  large  effect  in  vacuum.  In 
air,  the  oxidation  effect  must  saturate  after  a  critical 
time  (which  is  quite  short  at  525°C),  no  doubt  when  oxide 
layers  growing  from  opposite  faces  of  the  crack  meet.  In 
vacuum,  the  substantial  reduction  of  the  crack  rate  when  a 
1/2  hour  compression  dwell  was  imposed  in  cycling  for  the 
N+T  material,  and  the  ceasing  of  the  crack  growth  in  the 
annealed  material  may  be  explained  by  partial  reweldment  or 
total  reweldment  of  the  crack  tip.  Fractographs  of  the  N+T 
material  in  Figure  44  shows  a  flat  faceted  surface  in  the 
tension  dwell  area  and  a  dimpled  "sticky"  appearance  in  the 
compression  dwell  area  of  the  crack  surface.  It  is  thought 


that  this  sticky  appearance  is  caused  by  the  welding  of 
asperities  on  the  crack  surface  during  the  hold  period. 

Other  evidence  of  rewelding  is  suggested  in  Table  III  where 
the  crack  closure  data  near  waveform  change  points  is  tabu¬ 
lated.  The  transition  time  for  the  potential  across  the 
crack  to  attain  V(min)  from  V(max)  during  each  1/2  hour 
compression  cycle  was  greater  for  the  N+T  than  the  annealed, 
thus  showing  a  greater  opportunity  for  rewelding  and  hence 
a  greater  suppression  of  the  crack  growth  during  compression 
cycling  for  the  annealed  material. 

No  evidence  of  rewelding  was  noted  in  fractography  of 
material  exposed  to  an  air  environment.  Oxidation  on  the 
crack  surface  must  prevent  rewelding. 

The  LEFM  tests  surprisingly  showed  no  environmental 
effects  for  the  annealed  material,  but  demonstrated  a 
substantial  difference  in  crack  growth  rates  between  the 
air  and  the  vacuum  environments  in  the  N+T  material. 

Skelton  and  Bucklow  [Ref.  20 J  showed  that  for  1/2  Cr-Mo-V 
steel  at  500 °C,  for  a  given  plastic  strain  range,  surface 
oxidation  rates  per  cycle  are  greater  for  bainitic  (i.e  N+T) 
material  than  for  annealed  material.  In  general  this  was 
found  to  be  the  case;  surface  cleaning  for  fractography  was 
more  difficult  for  the  N+T  material  than  the  annealed 
material,  crack  profiles  in  Figures  6  and  7  clearly  display 
this,  and  f ractographis  in  Figure  36  also  show  the  oxidation 


characteristics.  The  more  rapid  the  oxidation  of  the  bainitic 
N+T  material  would  also  explain  why  the  N+T  crack  growth 
rates  for  the  LEFM  tests  are  higher  than  the  annealed  and 
why  there  is  a  large  effect  of  environment.  However,  an 
explanation  for  the  lack  of  a  significant  effect  of  environ¬ 
ment  for  the  LEFM  tests  on  the  annealed  material  cannot  be 
explained  at  this  time. 

B.  CREEP  EFFECTS 

Creep  effects  are  manifested  by  grain  boundary  damage 
ahead  of  the  crack  during  a  tension  dwell.  This  leads  to 
an  increase  in  the  overall  cyclic  crack  growth  rates  either 
during  the  dwell  itself,  or  in  the  subsequent  stress 
reversals.  Compression  dwells  may  reverse  the  deformation 
and  some  "healing"  will  occur,  but  there  will  be  some 
imbalance  because  the  strain  concentration  at  the  crack  tip 
disappears. 

Due  to  limited  data  obtained  from  the  tests  in  vacuum 
for  the  N+T  material,  only  the  creep  behavior  of  the  annealed 
material  will  be  discussed  here.  Figure  60  compares  tension 
dwell  cycling  and  continuous  cycling  under  vacuum  and  shows 
the  effects  of  creep  on  crack  growth  rates.  Tension  dwell 
cycling  produced  propagation  rates  that  increases  at  a 
constant  rate  when  compared  to  the  continuous  cycling. 
Therefore,  the  effect  of  creep  was  small  at  low  crack  growth 
rates,  but  increased  as  crack  growth  rates  increased.  This 
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is  what  would  be  expected  because  as  the  crack  gets  longer, 
the  strain  intensity  at  the  crack  tip  increased  which  would 
promote  more  creep  damage  per  cycle. 

The  micrographs  and  fractographs  from  tension  dwell 
cycling  tests  show  no  evidence  of  purely  intergranular 
cracking  under  tension  dwell  cycling,  in  contrast  to 
observations  made  by  Skelton  [Ref.  10]  on  1/2  Cr-Mo-V  steel 
at  500 °C  where  increased  crack  growths  also  occurred  with 
dwell.  The  results  indicate  an  intergranular-like  fracture 
mode  with  crack  branching.  It  should  be  noted  here  that 
surface  striation  patterns  were  subtly  recognizable  but  no 
striation  spacings  could  be  determined. 
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VI.  CONCLUSIONS 


1.  Oxidation,  not  creep,  is  the  major  cause  for  the 
high  fatigue  crack  growth  rates  of  2  1/4  Cr  -  1  Mo  steel 
in  air  at  525 °C. 

2.  The  loading  waveform;  i.e.  tension  only,  compression 
only,  or  tension  plus  compression  has  very  little  effect  on 
the  crack  growth  rates  in  air,  but  has  a  large  effect  in 
vacuum.  In  vacuum  the  crack  growth  rate  is  always  decreased 
by  the  imposition  of  a  compression  dwell  period. 

3.  Crack  path  in  air  is  transgranular  and  perpendicular 
to  the  loading  direction,  whereas,  in  vacuum  the  crack  has 

a  "intergranular-like"  character  and  frequent  branching  is 
observed. 

4.  Fracture  surfaces  in  air  are  flat  and  featureless 
with  the  exception  of  fatigue  striations.  In  vacuum  the 
characteristics  of  the  fracture  surface  becomes  dependent 
on  the  loading  waveform  and  is  always  "intergranular- like" 
with  a  "sticky"  appearance  when  compression  dwell  period 
is  imposed. 

5.  Compression  dwells  in  vacuum  results  in  rewelding 
at  the  crack  tip  causing  a  dramatic  reduction  in  crack 
growth  rate,  whereas  in  air,  the  oxide  prevents  this  rewelding 
from  occurring. 

6.  No  frequency  effects  were  noted  in  the  annealed 
material  test  in  air.  Thus,  the  damaging  effects  of  oxidation 
saturate  quite  rapidly  at  least  at  525 °C. 
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VII.  RECOMMENDATIONS 


1.  Conduct  high  strain  fatigue  (HSF)  tests  to  greater 
growth  rates  and  crack  depths  in  air  and  vacuum  environments 
to  determine  if  mechanical  effects  completely  overcome  the 
damaging  effects  of  oxidation. 

2.  Incorporate  environmental  fatigue  factors  in  material 
design  philosophy  and  equations  to  more  accurately  explain 
and  predict  mechanical  behavior  of  materials. 

3.  Alter  the  environment  from  vacuum  to  air  in  individual 
HSF  tests  at  different  crack  depths  to  accurately  measure 

the  effect  of  oxidation  on  crack  growth  rates. 

4.  Alter  the  duration  of  the  tension  dwell  time  in 
vacuum  HSF  tests  to  resolve  the  magnitude  of  creep  damage  to 
fatigue  crack  growth. 


APPENDIX  A 


TABLES 


TABLE  I 

Analysis  (wt.%)  of  2  1/4  Cr  -  1  Mo  Steels 


Material 

C 

Si 

Mn 

P 

S 

Cr 

Mo 

XLM 

0.11 

0.33 

0.50 

0.013 

0.021 

2.31 

0.93 

UKAEA 

0.11 

0.25 

0.58 

0.003 

0.009 

2.32 

1.09 

Initial 


Stress 

Material 

Environment 

£P 

£t 

Range  (MPa) 

Q 

B 

Annealed 

Air 

0.002 

0.0049 

446 

0.72 

1.06xl0~3 

0.001 

0.0036 

386 

0.59 

8.2xl0“4 

0.0002 

0.0023 

312 

0.90 

2.3xl0~4 

N+T 

Air 

0.002 

0.0056 

534 

0.82 

1. 42xl0~3 

0.001 

0.004 

450 

0.67 

9 . 2xl0~4 

0.0002 

0.0021 

288 

1.08 

7.  OxlO-5 

Annealed 

Vacuum 

0.002 

0.0045 

380 

1.82 

1.55X10"4 

0.001 

0.0032 

332 

1.69 

6 . 5xl0~5 

N+T 


1. 

0. 


.7x10 

.3x10 


Vacuum 


0.002  0.0055 

0.001  0.0038 


531 

413 


14  3 

89  1 


TABLE  III 


Crack  Closure  Data  Near  Waveform  Change  Point 

[Ref.  21] 

Annealed  N+T 


TYPE 

V(nax) 

mV 

V(min) 

mV 

Transi¬ 
tion 
Time,  h 

TYPE 

V(max) 

mV 

V(min) 

mV 

Transi¬ 

tion 

Time,  h 

T  to 

C 

0.21 

0.21 

0.18 

0.17 

0 

T  to 

C 

0.38 

0.36 

0.28 

0.22 

10.0 

T  to 

C 

0.56 

0.50 

0.35 

0.17 

3.0 

C  to 
(T+C) 

0.44 

0.45 

0.22 

0.36 

7.0 

C  to 
(T+C) 

0.53 

0.56 

0.17 

0.30 

8.0 

T  to 

C 

0.69 

0.65 

0.49 

0.23 

28.0 

(T+C)  to 
T 

0.60 

0.61 

0.30 

0.40 

0 

C  to 
(T+C) 

0.76 

0.81 

0.23 

0.45 

20.0 

T  to 
(T+C) 

0.63 

0.63 

0.40 

0.30 

0 

NOTE: 

In  vacuum  tests,  the 

potential 

drop 

measurement  was 

short-circuited  during  a  compression  dwell,  indicating  crack 
closure. 

The  minimum  values  (0.17  and  0.22  mV  for  annealed  and 
N+T  material  respectively)  corresponded  to  the  potential  at 
the  beginning  of  the  test,  i.e.  there  was  complete  closure 
in  a  C  dwell  (unlike  the  case  of  (T+C) ) .  The  effect,  how¬ 
ever,  was  not  immediate:  N+T  material  took  longer  to  attain 
V(min)  during  each  1/2  h  C  cycle  owing  to  its  greater  creep 
strength  and  also  demonstrated  a  greater  transition  time, 
adjusting  to  the  new  cycling  conditions  after  a  waveshape 
change.  Annealed  material  thus  has  a  greater  opportunity  for 
rewelding  and  hence  suppressed  growth  during  C  cycling. 
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CONTINUOUSLY 

CYCLED 


TENSION 

DWELL 


COMPRESSION 

DWELL 


TENSION 

AND 

COMPRESSION 

DWELL 


Figure  1.  Loading  Waveforms 


Symbol 


Figure  4.  Continuous  Cycling  HSF  Crack  Growth  Data  for  Normalized  and 
Tempered  Material  at  10"^  Hz  in  Air 
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Figure  7.  Profile  of  Continuous  Cycling  HSF  Crack  in  Normalized 
and  Tempered  Material  in  Air  (6  4x)  .  Specimen  No.  9 
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Figure  10.  1/2  Fracture  Surface  of  Annealed  Material.  Continuous 

Cycling  in  Air  (24x).  Specimen  No.  7 
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Figure  11.  Fractographs  of  Continuous  Cycling  Annealed 
Material  in  Air  at  0.2,  0.1,  0.02%  Plastic 
Strain  Range.  Specimen  No.  7. 


a)  Annealed  Material 

e  =  0.1  -  0.02%. 

P 


in  Continuous  Cycling, 
Specimen  'o.  7. 


-  b)  N+T  Material  in  Continuous  Cycling, 

Ep  =  0.02  -  0.2%.  Specimen  No.  9. 

Figure  12.  Fractographs  of  Plastic  Strain  Range  Transitions 
in  Continuously  Cycled  Material 


Figure  13.  1/2  Fracture  Surface  of  Normalized  and  Tempered  Material. 

Continuous  Cycling  in  Air  (26x).  Specimen  No.  9. 
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Figure  14.  Fractographs  of  Continuous  Cycling  Normalized 
and  Tempered  Material  in  Air  at  Plastic  Strain 
Ranges  of  0.2,  0.1,  0.02%.  Specimen  No.  9. 
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Figure  18.  Continuous  Cycling  HSF  Crack  Growth  Data  at  10  Hz  in  Vacuum 


Figure  19,  a  Comparison  of  Continuous  Cycling  HSF  Crack  Growth 
Data  at  10~2  Hz  in  Air  vs.  Vacuum 


Figure  20.  Crack  Profiles  Annealed  Material  in:  a)  Air,  Subjected  to  1/2 
Dwell  Periods,  b)  Vacuum,  Subjected  to  Continuous  Cycling  and 
1/2  Hour  Dwell  Periods.  Specimens  5  and  6,  Respectively  (64x) 


0.02%  (240x) 


in  Vacuum 
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Figure  24.  1/2  Fracture  Surface  of  Annealed  Material  Subjected  to 

1/2  Hour  Dwell  Periods  and  Continuous  Cycling  in  Vacuui 
Specimen  No.  6  (31x) 
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0.1%  (660x) 


Fractographs  of  Continuous  Cycling  in  Vacuum 
of  Annealed  Material.  Note  Transition  in  (c 
Specimen  No.  6. 
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a)  Tension  (T)  Dwell  (190x) 


b)  Compression  (C)  Dwell  (190x) 


c)  T+C  Dwell  (190x) 


Figure  32.  Micrographs  of  1/2  Hour  Dwell  Cycling  in 
Air.  Normalized  and  Tempered  Material. 
Specimen  No.  11. 
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a)  Tension  (T)  Dwell  (575x) 


b)  Compression  (C)  Dwell  (575x) 


c)  T+C  Dwell  (575x) 


Fractographs  of  Annealed  Material  Subjected 
to. 1/2  Hour  Dwell  Cycling  in  Air. 

Specimen  No.  5. 
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Figure  38.  1/2  Hour  Dwell  Data  for  Normalized  and  Tempered  Material  at 

0.2%  Plastic  Strain  Range  in  Vacuum 


a)  Tension  Dwell  (240x) 


b)  T+C  Dwell  (240x) 


c)  T/C/Continuous  Cycling  (600x) 


Figure  39. 


Micrographs  of  Annealed  Material  with  1/2  Hour 
Dwell  Cycling  in  Vacuum.  Specimen  No.  6. 

Note:  There  was  no  crack  growth  in  compression 
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a)  Tension  Dwell  (300x) 


b)  Compression  Dwell  (300x) 


Figure  40 . 


Micrographs  of  Normalized  and  Tempered 
Material  with  1/2  Hour  Dwell  Cycling  in 
Vacuum.  Specimen  No.  13. 


a)  Tension  Dwell  (680x) 


b)  T+C  Dwell  (680x) 


c)  Tension  Dwell  (680x) ,  Note  Possible 
Intergranular  Fracture 


Fractographs  of  Annealed  Material  with 
1/2  Hour  Dwell  Cycling  in  Vacuum. 
Specimen  No.  6. 


a)  Tension  Dwell  (660x) 


b)  Compression  Dwell  (660x) 


c)  T+C  Dwell  (660x) 


Figure  43.  Fractographs  of  Normalized  and  Tempered 
with  1/2  Hour  Dwell  Cycling  in  Vacuum. 
Specimen  No.  13. 
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b)  Tension  -  Compression  Transition  Region  (265x) 
Note  "sticky"  character  of  compression  surface 
possibly  denoting  reweldment  of  the  fracture 
surface 

Figure  44.  Surface  Transition  Regions  for  Normalized  and 
Tempered  Material  in  Vacuum.  Specimen  No.  13. 
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Figure  46.  Crack  Profile  of  Annealed  Material  with  Cycling  at  Various  High 
Frequencies  in  Air.  Specimen  No.  12  (64x) . 


Figure  48.  1/2  Fracture  Surface  of  Annealed  Material  Subjected  to 

Changing  Frequencies  in  Air .  Specimen  No.  12  (26x) . 


b)  v  =  0.05  Hz  (770x) 


c)  v  =  0.025  Hz  (665x) 


Fractographs  of  Annealed  Material  Continuously 
Cycled  at  Various  Frequencies  in  Air. 

Specimen  No.  12. 
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Vacuum  Region  (126x) 


Vacuum  Region  (126x) 


Vacuum  Region  (126x) 


Vacuum  Region  (126x) 


Figure  53.  LEFM  Micrographs  of  Reannealed  Material 
Air  and  Vacuum  Regions  of  the  Crack  are 
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Figure  58. 


LEFM  Fractographs  of  Annealed  Material, 
Vacuum  and  Air  Regions  are  shown. 
Specimen  No"  S'. 
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a)  Vacuum  Region  (265x) 


b)  Air  Region  (1300x) 


Material.  Vacuum  and  Air  Regions  are  shown 
Specimen  No.  10. 
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